Summary
Introduction
Functional specialization is one of the fundamental strategies used by the primate visual cortex to construct a representation of the visual world. So much is evident from the progress of research into monkey visual cortex (Zeki, 1978; Livingstone and Hubel, 1988; Zeki and Shipp, 1988; Van Essen et al., 1992) . With the advent of the method of PET, it has been possible to extend these studies to human visual cortex and delineate specialized cortical visual areas with a resolution higher than has been possible with the methods of clinical neuropsychology. Positron emission tomography has proved capable of isolating centres specialized for colour and motion, either by appropriate use of test and control stimuli (Zeki et al., 1991) , or by requiring subjects to concentrate on one particular modality within a complex display (Corbetta et al., 1991) . The changes in regional cerebral blood flow (rCBF) associated with specific kinds of visual stimulation provide robust signals in averaged groups of subjects and, in threedimensional scanning mode (Townsend et al., 1991) , can also be visualized in individual subjects (Watson el al., 1993; Zeki et al., 1993; Shipp et al., 1994) . Visual areas thought to correspond to prestriate areas V5, V4, V3 and V2 in the macaque have so far been identified. Yet the visual cortex is a good deal more extensive than this and each one of the above areas connects with higher areas in the parietal and temporal cortex of the monkey. The studies enumerated above have led to detection of activation of these areas only on an occasional and unsystematic basis: why should this be so?
We presume that the answer is that neurons in higher areas have evolved more sophisticated visual selectivities and the level of activity induced by the simple stimuli we have so far employed fails to raise rCBF beyond a significant threshold. Thus to identify subsequent stages of visual processing, we require higher order stimuli that are a step closer toward a naturalistic image. The example we chose was to examine the analysis of optical flow, a higher order computation that offers a rich source of information about the external world.
'Optical flow' is the term coined by J. J. Gibson (1950) for the characteristic streaming motion of objects through the visual field, generated by the observer's own locomotion-for instance, the aircraft pilot's view of the runway during takeoff and landing. Provided that no particular object is fixated, all directions of motion are directed radially away from an expansion point. The latter lies directly ahead of the observer, if he is moving in a straight line; it normally falls somewhere on the horizon, but can be out of the field of view if the subject diverts his gaze from the direction in which he is heading. The directions of movement of objects thus specify the observer's vection (his direction of travel), and those objects nearer to the observer appear to move faster than more distant ones, a form of motion parallax. It is these features that the visual system has evolved to exploit. Optical flow acts as a cue to structure, or the physical layout of the environment, independent of other cues such as perspective. It also gives an impression of motion in depth-one that becomes especially vivid when experienced in heightened form as a by-product of modern transportation systems.
The simplest form of optical flow described above is complicated by head and eye movements, which add components of translation and rotation to the radial expansion. Cells selectively responsive to one or more of these components (translation, rotation or expansion/contraction) are known to exist at higher stages of the monkey motion pathway, particularly in area MSTd (medial superior temporal dorsal), but not in V5 (MT, middle temporal) itself (Saito et al., 1986; Duffy and Wurtz, 1991a; Orban et al., 1992) . Area MSTd lies adjacent to V5 within the superior temporal sulcus, forming part of the larger 'V5 complex' within which there is considerable diversity of functional specialization related to motion Saito et al., 1986; Komatsu and Wurtz, 1988; Tanaka et al., 1993) . Some, but not necessarily all, of this complex is concerned with optical flow. Equally, there may be other areas yet to be explored, or tested with suitable stimuli, that encode or abstract one of the features of the optical flow field. In utilizing optical flow for a stimulus we thus hoped to exploit one of the advantages offered by PET over single cell physiology-the capacity to scan the entire cerebral volume in pursuit of a particular functional characteristic.
Methods
Six male normal volunteers, with an age range of 19-66 years (mean 35 years), were studied. Four were right-handed, one was left-handed and one was ambidextrous. We intended to exclude any subject hesitant to report motion in depth when viewing the optical flow display, but this was not found to be necessary. All underwent 12 consecutive rCBF scans during a single 3 h session. In addition, MRIs of four brains were obtained to allow a co-registration of the images derived from the two types of scan and hence facilitate the more accurate localization of the cerebral areas involved with respect to sulci and to gyri. All subjects gave informed consent and the studies were approved by the Hammersmith Hospital Medical Ethics Committee. Permission for the administration of radioactive substances was given by the Administration of Radioactive Substances Advisory Committee of the UK Health Department.
Stimuli
Schematic depictions of the two stimuli are given in Fig. 1 . Subjects viewed the centre of a high resolution monitor at a 9'of arc distance of 52 cm, the screen size being 40X30°. The display was provided in real time by a Silicon Graphics 4D210GTXB computer, operating at a screen refresh rate of 20 Hz. One of two different stimuli (Fig. 1A or B) was presented in each scan, the overall sequence being a randomized sequence of AB pairs. The stimuli consisted of moving dots in the lower half of the screen; the upper half was blank. The fixation point displayed in both stimuli was a small horizontal line just below the screen centre.
Stimulus A
Stimulus A was the optical flow stimulus. It simulated the forward motion of an observer over a flat plain sprinkled with bright spots at a uniform density. Such a simulation depends on two factors: perspective-the decrease in density of dots from the horizon, represented by the horizontal meridian lying across the centre of the screen, to the foreground at the bottom of the screen; and radial motionthe expansion of dots away from the fixation point on the horizon, at a relatively slow speed horizontally and with progressively greater speed and acceleration for directions approaching vertically downwards. The speed of dots, and their spacing, were thus greatest at the bottom edge of the screen.
Dots were a single pixel. A dot appearing at the centre and travelling vertically downward was on screen for 2 s. Its average velocity was therefore 7.6°/s over the surface of the monitor. Its maximal speed was 220°/s, just before leaving the screen. The display simulated a surface with 0.38 dots/ e 2 and forward motion at a speed of 27.4 e/s, where e represents the simulated height of the observer's eyes above the surface. For a nominal height of 1.6 m (i.e. e = 1.6 m) this corresponds to a speed of -44 m/s over a terrain with 0.15 dots/m 2 (or -100 k.p.h. in a typical saloon car, if e = 1 m).
Stimulus B
Stimulus B had similar gradients of dot density and dot speed to stimulus A. The maximum dot speed was the same as A but, due to the way the display was computed, the average dot speed was higher, at 17.8°/s. The chief difference from A was that the directions of motion of the dots were randomized. Because it retained the increase of dot density toward the horizon, stimulus B gave a weak impression of depth. But due to its incoherent motion, the observer no longer had an impression of forward motion. By comparing the activity elicited by A and B, we hoped to isolate areas of the cortex specifically sensitive to the pattern of coherent motion that signifies motion in depth.
Data acquisition
Following intravenous injection of l5 O-labelled H 2 O, measurement of locally distributed radioactivity, an index of rCBF, was carried out by scanning the brain with a CTI 953B PET scanner (CTI Inc., Knoxville, Tenn., USA). The inter-detector collimating septa were retracted to achieve optimal sensitivity (Townsend et ai, 1991) .
The scanner collects data from 16 rings of crystal detectors covering an axial field of view of 10.65 cm. The emission data were corrected for the attenuating effects of the tissues of the head by using measurements made from a transmission scan collected prior to the activations. The corrected emission data were then reconstructed as 31 planes by filtered back projection with a Hanning filter of cut-off frequency 0.5 cycles/pixel. The resolution of the resulting images was 8.5X8.5X4.3 mm at full width at half maximum (FWHM) (Spinks et ai, 1992) . Each plane was displayed in a 128X128 pixel format, with a pixel size of 2X2 mm. The original planes were transformed by interpolation to 43 planes, to produce images with approximately cubic voxels.
Each rCBF measurement lasted 195 s, composed of a 30 s background scan followed immediately by a second period of scanning that lasted for 165 s. At the beginning of the background scan an H 2 I5 O infusion was started. Two seconds before the end of the background scan, subjects opened their eyes and started to view the computer display. The infusion of H 2 15 O was at 10 ml/min and continued for 120 s, and was followed by a flush of non-radioactive saline. Rise and peak of radioactivity measured over the head took place in the second period of scanning, during which subjects maintained attention to the display on the monitor screen. The integrated counts accumulated over 165 s in this second period were corrected for background activity from the first period of scanning, and used as an index of the relative distribution of rCBF. On average, our subjects received 16 mCi of H2
I5
O for each of the 12 scans, giving a whole body radiation dose of -6.6 mSv.
Image transformation
Calculations and image manipulations were carried out on Sun SPARC computers (Sun Computers Inc., Surrey, UK), using ANALYZE image display software (BRU, Mayo Foundation, Rochester, Minn., USA) (Robb and Hanson, 1990) and PROMATLAB (Math Works Inc., Natick, Mass., USA).
The PET images from all six subjects were stereotaxically normalized for the purpose of group analysis. First, in order to correct for head movements between scans, all scans were aligned with the first one recorded, using Automated Image Registration (AIR) software (Woods et al, 1992) . The images (43 planes) from all subjects were then transformed into the standard anatomical space of the stereotaxic atlas of Talairach and Tournoux (1988) by using linear proportions and nonlinear resampling algorithms (Friston et al., 1991a) . This stereotaxic normalization reslices the images such that both the anterior and the posterior commissures are positioned in a standard location on the same transverse plane; there are 26 planes altogether, with an interplane distance of 4 mm and pixels measuring 2X2 mm. Subsequently, the images were filtered with a low-pass Gaussian filter (FWHM of 10X10X10 mm) to smooth the data in three dimensions (Friston et al., 1990) . This served to increase the signal-tonoise ratio in the images and blurred individual differences in gyral and functional anatomy.
Statistical analysis
Analysis of group data was performed using the technique of statistical parametric mapping (SPM) (Friston et al., 1990 (Friston et al., , 1991 . In brief, confounding effects of differences in global flow between scans are corrected by a pixel-based analysis of covariance (ANCOVA) of rCBF against relative global flow, the latter being treated as the confounding covariate. The ANCOVA is used to calculate, for each pixel in each scan, the mean values of rCBF across subjects (with the global CBF adjusted to 50 ml/dl/min), together with the associated error variance. Thereafter, the differential effect in the brain of the optical flow and the random motion stimuli is evaluated from the inequality between the two sets of six mean values of rCBF obtained from the two conditions of visual stimulation. The evaluation is performed for each pixel using the / statistic, transformed to the normal distribution. This generates a statistical parameter map (SPM|)]) of the changes in rCBF associated with the difference in visual stimulation.
A secondary Gaussian smoothing filter of 4 mm FWHM was applied in the x and y dimensions to the SPM [7] . Thus the final effective in-plane resolution (FWHM) of the SPM was 11.87 mm following all image manipulations. Stimulus induced changes in rCBF were regarded to be significant at a threshold of P < 0.05 (Z-score >3.8), after applying a Bonferroni-like correction for multiple (non-independent) comparisons (or, in other words, a correction for having performed a / test on each and every pixel).
Positron emission tomography-magnetic resonance imaging co-registration
Magnetic resonance image scans of four subjects were obtained with a I tesla Picker HPQ Vista system using a radiofrequency spoiled acquisition that is relatively spinlattice relaxation time (T ( ) weighted to give good grey/ white matter contrast and anatomical resolution (repeat time 24 ms; echo time 6 ms; non-selective excitation with a flip angle of 35°; field of view in plane 25X25 cm; 192X256 in-plane matrix with 128 secondary phase-encoding steps oversampled to 256; resolution 1.3X1.3X1.5 mm; total imaging time 20 min). After reconstruction, the MRIs were aligned parallel with the intercommissural (AC-PC) line, and interpolated to yield a cubic voxel size of 0.977'X0.911X0.911 mm, which permitted co-registration with PET images.
Individual SPM[f] maps for the same four subjects were obtained by the procedure described above for the group analysis, save that the steps of transformation to Talairach and Tournoux stereotaxic coordinates, and inter-subject averaging, were omitted. The SPM [/] images are too deficient in anatomical detail to be directly co-registered with the MRIs. Hence for each of the same four subjects a PET rCBF image with the greatest possible anatomical detail was obtained by averaging all 12 realigned PET scans in each individual. The resulting averaged PET images were co-registered to the corresponding MRIs using adapted AIR software originally developed for PET to PET realignment . This step yields the reorientation parameters translation and rotation in or around the x, y and z axes that enable coregistration of the SPM[?) images of significant rCBF change with the subject's cerebral morphology as described by the MRI scan.
Results

Visual activation
All subjects perceived depth in the optical flow display. The group analysis of all six subjects revealed three main cortical regions specifically related to the perception of motion in depth. These are depicted in horizontal slices and summarized in a SPM projection image in Fig. 2 . There was bilateral activation around the lateral margin of the ventral occipitotemporal surfaces, and unilateral activation of the posterior rim of the cuneus (J ust above the AC-PC plane) in the right occipital lobe. The third region was in the parietal lobe, the latero-posterior part of the right precuneus. These loci had Z-scores of 3.8 or greater. The exact coordinates are reported in Table 1 , along with several foci of intermediate significance (3.1 <Z<3.8). One of the latter was located in the left insula, the others being extensions of the major occipital and parietal sites of activation. Yet even at this intermediate threshold, no changes in rCBF were recorded in either VI or V5 bilaterally.
Four subjects from the group were examined individually in order to specify the activated regions of the brain inferred above by reference to the Talairach atlas (Talairach and Tournoux, 1988) . Figures 3 and 4 show the individual SPM [r] images thresholded at Z > 2 and co-registered with the anatomical MRIs. There were bilateral foci on the fusiform and inferior temporal gyri, as we would have expected. But foci in the cuneus and the latero-posterior precuneus were also present in both hemispheres, so departing from the unilateral pattern of the group analysis. In fact not every zone of activation from the group analysis can be seen on every individual, and some individual foci are not reflected in the final group result. The asymmetric activation of the right cuneus and precuneus in the group outcome may thus be taken to indicate that the location of activity is more consistent in the right than in the left hemisphere.
None of the individuals had activation of VI, consistent with the group outcome. Three of the four co-registered brains showed some unilateral activation (Z > 2) in the area of V5. The relevant foci were all in the right hemisphere within 8 mm of the AC-PC plane, where the local gyral configuration was typical of that found to mark the location of V5 in our previous PET studies using motion . In each of these cases there was additional activation of cortex located yet more ventrally within the lateral occipital gyri, and in closer correspondence to the ventral occipital centre of activity in the right hemisphere indicated by the group analysis. But only one individual showed activation of cortex in the adjoining anterior (or dorsal) bank of the sulcus ALITS (ascending limb of the inferior temporal), thought to be a separate motion area of higher order than V5 on account of its responsivity to subjective rotatory motion (Zeki et al, 1993) .
Activation of non-visual centres
We discovered two activations in the midline which may have had some relation to the subjects' mode of attention.
First, there was an increase in rCBF due to optical flow in the anterior part of the right precuneus, bordering the cingulate gyms, which attenuated over time. The change in rCBF (peaking at Talairach coordinate 8, -44, 40 with a Z-score of 4) amounted to 4% when just the first six scans (three of each type) were analysed by themselves (Fig. 5) . Analysis of the full set of 12 scans, however, gave a change in rCBF of much less significance (Z-score 2.7). In other words, this activation appeared to habituate as the subjects became more familiar with the two displays (Fig. 6 ). The second effect was revealed by the reverse comparison, of incoherent motion with optical flow. Subjects commented that viewing the incoherent stimulus required a greater degree of effort to attend to the display and maintain fixation. The only sites activated by this stimulus were in the cingulate cortex and in the region of left premotor cortex, though neither of these reached a significance level of P < 0.05 (after correction for multiple comparisons) in the group analysis {see Table 2 ). Fig. 2 . Note the presence of a strong focus in the anterior part of the right precuneus which, being absent -from the analysis of the full set of 12 scans (Fig. 2) , appears to have habituated with time. 
Discussion
The perception of optical flow generated a reasonably consistent pattern of cerebral activation across subjects that involved both occipito-parietal and occipito-temporal areas. This indicates that both the 'dorsal' and 'ventral' pathways of common neurological parlance are involved in the processing of optical flow, and thus that both are contacted by the primate 'motion pathway'. This is not to argue that the visual parts of the parietal and temporal lobes do not perform different roles: rather that the circuitry which sustains their diverse functions is not simply subdivisible into two autonomous components. Instead, the pattern of cortical activation would support the view that each area of the visual cortex draws on such information as it needs to perform its function (Zeki and Shipp, 1988) . The implication here is that signals related to motion in depth are important for areas in both the occipito-parietal and the occipito-temporal cortex. Therefore we require to consider the relationship of areas activated by optical flow to the areas activated by other kinds of visual stimulation in previous studies of human cortex, and also to areas within the visual cortex of the monkey, where circuitry and physiology are known in much better detail.
Regional activation by motion in PET studies of human visual cortex
Occipito-temporal areas
How do the areas responsive to optical flow stand in relationship to the motion area, V5, as defined previously in our laboratory (Zeki et al., 1991; Watson et al., 1993) ? It seems that the area of optical flow activation in occipitotemporal cortex, identified by the pooled analysis of all six subjects, was located ventral to V5. We can be fairly sure of this since an integral part of the latter study was to assess the variation in the location of V5 between different subjects. Table 3 documents how the separation between V5 and the occipito-temporal sites is comfortably in excess of the individual variability in the location of V5, in both hemispheres. The sites activated by optical flow appear to be centred on the ventral surface of the occipito-temporal junction, either on the inferior occipital lobe or on a lateral Conventions as for Table 1. extension of the fusiform gyrus, depending on the individual gyral morphology. V5, by contrast, is on the lateral surface, and partially buried within a sulcus, known as the ascending limb of the inferior temporal. In some individual subjects we could discern likely V5 activation, distinct from a second focus on the ventral surface. Where the latter 'optical flow' focus does not adjoin V5 directly, the separation between these two centres, expressed as millimetres in the twodimensional cortical sheet, will be considerably greater than their vectorial separation within the three-dimensional cerebral volume as recorded in Table 3 . In a recent study of 'illusory' rotatory motion, Zeki et al. (1993) observed that the focus activated when subjects see the 'illusory' motion was located in the same sulcus as V5 in 10 out of 14 hemispheres. In the other four it was found in an accessory sulcus lying slightly more posteriorly. V5 itself was identified by using the conventional comparison of a moving and a static display. The separation between the illusory and conventional motion foci may have been due to either the illusory or rotatory qualities of the former, but in either case was taken to imply the existence of motionrelated cortex immediately neighbouring V5-'V5A'. The scatter of foci related to speed discrimination, identified by Corbetta et al. (1991) , also suggest that motion-related cortex goes beyond V5 in the lateral occipital gyri. More pertinently, however, the group result from the study of illusory rotatory motion showed an additional focus on the ventral surface of the right hemisphere, well separate from V5, whose coordinates are similar to the occipito-temporal foci activated by the optical flow foci in this study (for details, see Table 4 ).
In several other PET studies, detailed in Table 4 , authors have reported foci of activity on the ventral surface of the occipito-temporal lobe related to the processing of abstract forms, or faces. Whether the foci of optic flow activity we describe here are anatomically distinct from these, or devoted exclusively to the higher level processing of motion, is a matter of future clarification. However, we note that the optic flow sites in both hemispheres are positioned just lateral to the bilateral colour centres in the fusiform gyrus (Corbetta et al., 1991; Zeki et al., 1991; Allison et al., 1993) leading to the conclusion that the proximity of cortex dealing with visual motion to cortex dealing with colour is greater than our previous results have revealed.
Occipito-parietal areas
We think it likely that the activated area on the posterior surface of the cuneus represents dorsal area V3 (see below). Another area in the dorsal part of the brain that was active in the present study was located in superior parietal cortex on the posterior surface of the precuneus (Brodmann's area 7). The correlation of activity in these two areas (V3 and area 7) is one that we have repeatedly observed in motion studies Zeki et al., 1993) whenever the top of the brain was positioned within the field of view of the PET camera. Furthermore, the two sites are alike in their preference for coherent over incoherent moving stimuli, as demonstrated here and in a separate study of coherent versus incoherent motion, where the coherent motion was simple translation (results unpublished). This distinguishes V3 and the superior parietal site from V5, and from V1/V2, for the latter areas are not selectively activated by either the translating or expanding versions of coherent motion that we have tested. Finally, there is little reason to suspect an oculomotor contribution to the activity recorded at these sites, as neither the frontal eye field nor the supplementary The table reports the coordinates of the pixel with the highest Z-score in foci reported here and in a previous study where 12 subjects were split into two subgroups of six to yield maximally variable estimates for the location of V5 ; also given are standard errors for the mean location of V5 (for any group of six subjects) estimated from the same data, n = number of subjects in group. Separations of the V5-subgroup foci, and of the optical flow foci from the overall group mean location of V5 (n = 12) are compared. Only foci for which P < 0.01 are included; X indicates P < 0.001; Refs refer to the following: 1 = present study, 2 = Zeki el al., 1993 , 3 = Zeki et al., 1991 , 4 = Corbetta et al., 1991 , 5 = Sergent et al., 1992 , 6 = Haxby et al., 1993 ; n = numbers of subjects; the coordinates and separation of each focus from the centres of optic flow activity are in millimetres. *Coordinates modified to Talairach and Tournoux (1988) from Talairach et al. (1967) by reversing sign of x, and subtracting 12 from y. motor area were evident in our scans (for more extensive discussion, see Shipp et al, 1994) .
Comparison with Macaca
Here we try to interpret the PET data in relation to what we know about the primate visual system from studies in the monkey, which have identified a number of areas where neurons are selective for components of optical flow. Yet there is more to this than simply asking which areas of the cortex are homologous. In analysing the global reaction of the visual system to optical flow, it is also relevant to consider the physiology of the initial stages of the motion pathway, areas such as VI/V2 and V5 which escaped detection in the current paradigm.
Occult activation of VI/V2 and V5
We puzzled over why VI and V2, as well as V5, failed to register in either the group comparison of optical flow to the control display, or in the reverse comparison. Most of the visual signals enter the cortex through VI and it is highly active when subjects view simple motion (Zeki et al, 1991; Watson et al, 1993 ). It appears that the two displays stimulated VI, and also V2 and V5, equally enough to cancel out in the final images. The control stimulus of incoherent motion that we used was designed to mimic the optical flow stimulus as far as is possible without producing optical flow-the essential difference being that the directions of dot movement were randomized. It should thus have proved as effective as the optical flow stimulus at activating any area performing a strictly local analysis of dot movement, whose neurons' response to dots moving in the preferred direction through their receptive fields is not impaired by the presence of other dots following intersecting paths. Experiments in the monkey suggest that this is true of VI, but less so for V5: the response of cells in V5 to the optimal stimulus is reported to be suppressed by the presence of other dots moving at 45° or more to the preferred direction (Snowden et al, 1991) . In fact, one of the functions of V5 is thought to be that of integrating local components of motion, such as signalled by VI, into a signal of coherent pattern motion (Movshon et al, 1985; Rodman and Albright, 1989) . Our incoherent stimulus has no net direction content, and thus there is no net directional signal that should emerge from V5. For this reason we might expect the optical flow stimulus, which has coherence, to activate V5 more than the incoherent control. [Another possible factor is the global distribution of direction selectivities in V5. Albright (1989) has reported that, at eccentricities beyond 12°, there is a predominance of units with centrifugal preferred directions. The corresponding regions in the visual map of V5 will thus be more intensively stimulated by the optical flow stimulus, but it is possible that this effect would be cancelled out (given the limited spatial resolution of PET) by the greater diversity of directions presented to the central 12° of the map by the incoherent stimulus.]
Our results suggest that any excess activity in human V5 due to the optical flow stimulus was too inconsistent to emerge from the group analysis. However, it is interesting to note the contrast between area V5, which was not consistently activated, and the area we interpret as V3, which was. Physiologically, neurons in V3 and V5 have some similarities; their differences vis-a-vis the parameters of optical flow have not been directly tested. But the implication of our PET data is that there may be something rather fundamental about the reaction of V3 to coherent motion, as if V3 were more engaged than V5 in the spatial integration of velocity fields. This conclusion is reinforced by a similar PET result (V3 being more active than V5) obtained using a planar (frontoparallel) version of the contrast between coherent and incoherent motion, briefly mentioned above (unpublished results).
Comparative physiology of optic flow
The areas we expected to activate are those which contain cells selective for radiating patterns of motion. The best example is monkey area MSTd, where cells have been extensively studied using expanding and contracting random dot fields (Saito et ai, 1986; Tanaka el ai, 1989; Duffy and Wurtz, \99\a,b; Orban et ai, 1992; Graziano et ai, 1994) . It is likely that similar cells are also present in the neighbouring polysensory area (STP) (Bruce et ai, 1981 (Bruce et ai, , 1986 Hikosaka et ai, 1988) . Another candidate is area 7a in the inferior parietal lobe; cells here have preferred directions that are radially symmetrical around the centre of the visual field, though their response to expansion per se remains untested (Motter and Mountcastle, 1981; Motter et ai, 1987; Steinmetz et ai, 1987) . The MSTd cells responsive to expansion may also respond to simple planar motion, and to rotating or spiralling motion fields (Duffy and Wurtz, 1991a; Orban et ai, 1992; Graziano et ai, 1994) . It is likely that the activity of such cells underlies the increases in blood flow that we observed with PET; the important factor is not so much their degree of selectivity for the expansion component of optical flow patterns, but that they should be unresponsive to the kind of incoherent motion we used as our control stimulus. This has not been directly tested, but it is clear (i) that MSTd cells are selective for the direction of coherent motion, responding to expansion, for instance, but not to contraction; and (ii) that the response summates over a large area, at least 40x40°, which exceeds the size of our display Duffy and Wurtz, 1991b) . It is thus unlikely that these cells would respond to the dot motions in the incoherent stimulus.
The optical flow stimulus we used may not have been optimal for the expansion sensitive cells present in MST, but parameters of the stimulus such as the speed, size or overall density of dots are reported to be relatively unimportant Duffy and Wurtz, 1991a) . In fact, the radial arrangement of directions away from the centre seems to be the key factor, both for activating expansion cells and providing a sensation of motion in depth. The dots in our optical flow stimulus do not increase in size as they approach the viewer. In the monkey, Tanaka et ai (1989) concluded that neither an increase in dot size, nor the presence of a speed gradient from the centre outwards are necessary to stimulate expansion cells.
The only major distinction to be drawn is that our motion in depth stimulus simulated motion over an infinite horizontal surface, whereas all the physiological analyses have simulated motion towards a vertical surface. Thus, our stimulus had a clear horizon and contained only a 180° range of dot motions, whereas all studies of MST have employed the full 360°. Furthermore, the horizontal simulation contains rather steeper gradients of dot speed, and density, from the centre to the periphery of the display. Although these two factors are thought to be of secondary importance (compared with the radial arrangement of directions) for the monkey neurons so far studied, it is not implausible that some neurons somewhere are capable of using optical flow to distinguish a horizontal from a vertical surface. The increase in dot density from foreground to the horizon is an independent cue to the inclination of the traversed surface (an example of formfrom-texture as opposed to form-from-motion). But this density gradient was a feature of both our coherent and incoherent stimuli, and was intended to minimize the activation of any part of cortex sensitive to depth-fromtexture (i.e. perspective) alone.
Comparative anatomy
Given that area MSTd, in the macaque, is the best-known and studied site of neurons sensitive to optical flow, it is rather ironic that the expected location of MSTd in human cortex, i.e. neighbouring V5 on its dorso-medial border, is one that was free of activation in most individual subjects and, accordingly, in the pooled group analysis. Either we failed to activate MSTd or, in humans, its functional equivalent does not abut V5, but lies elsewhere. If the latter, we suspect that the occipito-temporal sites of activation are the more likely candidates, because V5 itself is located relatively ventrally in humans. It is thus possible that the whole V5 complex of areas has been so displaced. If the occipito-temporal sites of activation do not represent MST, one alternative, on 'geographical' criteria, is area TEO. This area has recently been shown to receive some input from V5 in monkeys (Distler el ai, 1993) , though it is not a major component in the network of connectivity of V5 or its satellite areas (Maunsell and Van Essen, 1983; Ungerleider and Desimone, 1986; Boussaoud et al, 1990) . The physiology of TEO, in respect of optical flow, has not been investigated. Thus the nomination of TEO remains a remote hypothesis since geographical criteria, by themselves, are of limited utility in establishing homologies between areas of human and monkey cortex.
The same limitation recurs in considering which area is represented by the sites of optic flow responsivity in dorsal parietal cortex. The location is within area 7, which Brodmann (1909) placed in the superior parietal lobe of human cortex, whereas in monkey he had located it in the inferior parietal lobe (Brodmann, 1905) . However, the architectonic successors to Brodmann eliminated this discrepancy: Von Economo (1925) invented the terms 'PE' for the superior parietal lobe and 'PC for the inferior, and these were subsequently adopted in the monkey, the architectonics being considered to be homologous (Von Bonin and Bailey, 1947; Pandya and Seltzer, 1982; Eidelberg and Galaburda, 1984) . Yet there has been no consistent view as to the functional equivalence of the corresponding parietal lobes in the two species. In the monkey area 7a/PG in the inferior parietal lobe has been considered to be substantially more involved in visual functions than the somatosensory area 5/PE of the superior parietal lobe: in man the inferior parietal lobe has expanded with the evolution of areas 39 and 40, seemingly in parallel with the development of manual constructional skills and language (Hyvarinen, 1982) . In one view, therefore, some visual functions, for instance control of the locus of visual attention, may have been displaced to the superior lobe (Posner et al., 1984; Corbetta el al, 1993) . However, clinical accounts of visuomotor deficits following posterior parietal lesions have drawn closer parallels with monkey studies, the inferior lobe being more implicated with control of eye movements (Pierrot-Deseilligny et al., 1986; Thurston et al., 1988; Sharpe, 1990, 1993) , the superior lobe with visually guided reaching (optic ataxia) (Perenin and Vighetto, 1988) . And the latter observation is consistent with the more recent discovery of bimodal visual/reaching neurons in area MIP of monkey superior parietal lobe (Colby and Duhamel, 1991) . Visual input to MIP derives from visual area V6/PO (parieto-occipital) in the anterior bank of the parieto-occipital sulcus, and from an adjacent area V6A/POd (parieto-occipital dorsal) located just dorsally (Colby et al., 1988; Galletti et al., 1991 Galletti et al., , 1993 Neuenschwander et al, 1994; S. Shipp and S. Zeki, unpublished results) . The latter (V6A) is thus a 'geographical' candidate for our parietal site of activation, while the most likely physiological homologue is area 7a, as described by Mountcastle and his colleagues (Motter and Mountcastle, 1981; Motter et al, 1987) .
We are more confident in identifying the activated area in the right cuneus as dorsal area V3. The same area is bilaterally activated in studies which compare simple motion to a static pattern, where it forms a zone separate and distinct from the larger zone centred on VI and V2 Zeki et al, 1993) . More importantly, this same area contains a representation of the lower vertical meridian, additional to that at the VI/V2 border (our unpublished PET results), which is a key component of the definition of area V3 in lower primates (Zeki and Sandeman, 1976) . Anatomically, this representation of the vertical meridian is marked by a band of callosal fibres, which allow a histological demarcation of area V3 in human autopsy material (Clarke and Miklossy, 1990) . It is possible that the activated territory in the cuneus exceeds the limits of V3, in which case it might also include area V3a, if human visual cortex has such an area. The lower part of V3, which represents the superior quadrants of the visual field, is thought to occupy the lateral lingual gyrus and collateral sulcus (Clarke and Miklossy, 1990; Watson et al, 1993) . As expected, we detected no activity in this location since our stimuli were restricted to the inferior quadrants of the visual field.
The analysis of optical flow by the primate visual system: two visual pathways?
In the natural world optical flow is the visual feedback arising from the observer's own locomotion, providing for visuomotor coordination and the identification of features in the environment. We have demonstrated that even the simplest form of optical flow is sufficient to activate two separate zones in the superior parietal and occipito-temporal cortices (see Fig. 7 ), zones which are commonly held to be part of the dorsal (spatial awareness) and ventral (object recognition) visual pathways, respectively (Mishkin et al, 1983; Newcombe et al, 1987) . The circuitry leading to these zones must involve area V3, which was also differentially activated by our stimuli (at least unilaterally), and possibly V5, which was not. Perhaps the simplest scheme would be for the dorsal pathway to pass from VI to parietal cortex via V3, and the ventral pathway to pass from VI to temporal cortex via V5. Alternatively, if one draws from knowledge of circuitry in the monkey (Zeki and Shipp, 1988) , it is likely that V3 and V5 are interconnected, and that both send output to both the superior parietal and occipito-temporal sites specifically activated by optical flow. This is hardly compatible with the notion of the two mutually exclusive pathways, the 'dorsal' and the 'ventral', diverging from VI to terminate in the parietal and temporal lobes, respectively.
Nonetheless there is little doubt that the parietal and temporal lobes of the brain are specialized for different modes of visual function. So much is evident from neuropsychological studies (Newcombe et al, 1987) , and has indeed been directly demonstrated using PET (Haxby et al, 1991 (Haxby et al, , 1993 : the superior parietal region was activated by a task of spatial discrimination, and the occipito-temporal region by a task of facial discrimination. Our own experiment reveals that the same two zones can be jointly activated by a single task, i.e. simply to view a simulation of optical flow and an incoherent control. Hence our present experiments, The classical distinction between the dorsal and ventral pathways has been that the dorsal pathway was concerned with the perception of spatial relationships and the ventral pathway with object recognition (Ungerleider and Mishkin, 1982; Mishkin et ai, 1983; Desimone and Ungerleider, 1989) . The percept induced by our stimulus was that of a featureless flat surface, whose designation as either 'spatial' or 'object' is somewhat recondite. An alternative view of the dorsal and ventral relative specializations, that lends itself more readily to our interpretation, is that of Goodale and Milner (1992) : this emphasizes the role of the parietal lobes in visuomotor coordination and suggests that visual perception, whether of scenes or objects, is generated by the temporal lobes. The parietal response to optical flow might thus be integral to the control of locomotion. This indeed was J. J. Gibson's original notion, that the observer's direction of heading was specified by the global pattern of radial expansion in the velocity field, and that the visual system should be capable of assimilating this information (Gibson, 1950 (Gibson, , 1966 . More recently it has been shown, using a stimulus much like ours, that observers are accurate in estimating their heading to within a degree or so, independent of eye movements (Warren et ai, 1988; Warren and Hannon, 1990) . [Our dot density (0.15 dots/m 2 ) was just above the highest used by Warren et al. (1988) (0.12 dots/m 2 ), but our simulated forward velocity (44 m/s) was tenfold greater. Warren et al. (1988) found some improvement in accuracy with faster speeds over the range 1.0-3.8 m/s. The screen dimensions were about equal (-40X30°)].
Gibson also pointed out that the optical flow field was capable of specifying the size and distance of features in the environment, an example of what has come to be known as three-dimensional structure-from-motion (3D SFM). Though natural scenes contain many other cues to three-dimensional structure, it can be demonstrated that dot motion, by itself, is sufficient to give the illusion of a solid surface-rotation of a transparent cylinder is an example commonly employed (Ullman, 1982; Treue et al., 1991) . Vaina (1989) reports that this percept was not seen by a group of patients with right hemisphere occipito-parietal lesions, which may have included right area V3. (The lesions were classified as occipitoparietal or occipito-temporal by examination of CT scans. No individual cases were documented.) Another case, with bilateral lesions in parieto-temporal white matter probably undercutting V5, was studied in more detail (Vaina et al., 1990) . This patient, A.F., possessed some characteristic symptoms of a posterior parietal lesion (very poor spatial localization, line bisection, depth and stereopsis) and was also severely impaired at discriminating the direction and speed of random dot displays containing a certain proportion of dynamic noise, suggestive of V5 dysfunction. However, the deficit for 3D SFM was not as marked, for his performance in detecting the rotating cylinder was relatively closer to that of normal control subjects. Added to our PET results with optic flow, these psychophysical studies of cerebral lesions carry the implication that V3 is more significant than V5 in mediating 3D SFM. In the monkey, however, the detection of 3D SFM is reported to be abolished by ablation of area V5 (Siegel and Andersen, 1988) .
The role of occipito-temporal cortex, including our activated regions in the vicinity of the fusiform gyrus, in the perception of 3D SFM is more uncertain. Vaina (1989) describes a group of patients with right occipito-temporal lesions who were still able to perceive the rotating cylinder display. The same group of patients were more impaired in recognizing simple shapes defined by two-dimensional motion contrast in random dot displays. A similar result was reported by Regan et al. (1992) , who found that a group of patients with large occipito-temporal lesions of white matter were unable to recognize letter-shapes defined by twodimensional motion contrast. In the monkey, some inferotemporal neurons are capable of signalling orientation of contours defined by two-dimensional motion contrast (Vogels et al., 1992) . Ablation of the entire infero-temporal gyrus in monkeys shows that it is normally involved in learning to discriminate simple shapes defined by two-dimensional motion contrast, but also that it is not essential for this task (Britten et al., 1992) . The anatomical localization afforded by all these studies is relatively imprecise, but they seem to indicate that temporal cortex is more concerned with the assimilation of form from dynamic edges and contours than from the velocity gradients which underlie 3D SFM. The fact that we activated zones within occipito-temporal cortex by optical flow might suggest otherwise, but it is evident that further experiments are required to clarify the picture.
In the absence of precise delineations of areas or specializations of function over much of human cortex, it is appropriate to emphasize a more general conclusion: that the circuitry related to motion in depth is part of a more general visual motion network, one that diverges to remote parietal and occipito-temporal stations making distinct use of an identical set of signals.
